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(57) ABSTRACT 

Disclosed herein is a method and apparatus used to detect 
phase error information between edges of an input data signal 
and a clock signal for use at ultra-high frequencies and Where 
linear phase error information is required. This invention 
extends the usefulness of a given integrated circuit logic 
technology to tWice the frequency range of application While 
maintaining the desired linear phase error measurement 
operation. Flip ?ops are used to sample the data input signal 
With the clocking signal and processing is done separately for 
rising and falling data edges. Analog recombination of phase 
error information from both edges is then done in a fashion 
that is not limited by the integrated circuit speed. This inven 
tion overcomes limitations of prior methods in that it operates 
in data applications, provides linear phase error information 
at very high phase-error bandwidth and can operate at the 
same maximum speed as the ?ip ?op and logic process tech 
nology Will alloW by operating on bit cells that are a full 1-bit 
minimum rather than half-bit cells. 

11 Claims, 3 Drawing Sheets 
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METHOD AND APPARATUS FOR 
DETECTING LINEAR PHASE ERROR 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention generally relates to systems and 

components that measure phase error betWeen a clock signal 
and a related data signal, Where the measurement must sup 
port fast-changing phase error results and Where a linear 
function of phase error is still desired even at these high 
bandwidth, fast-changing phase error conditions. More par 
ticularly, the present invention relates to clock and data recov 
ery systems that create reference clocking signals from an 
input data signal and also relates to phase error (e.g. jitter) 
measuring systems that must measure high-frequency jitter 
components. 

2. Description of the Related Art 
Phase detectors come in many variants and have been 

employed in phased-lock loop circuits found in synthesiZers, 
clock and data recovery systems and phase error (e.g. jitter) 
measuring systems for many years. Each phase detector 
offers different trade-offs With respect to price and perfor 
mance. Performance encompasses hoW Well the various 
phase detectors perform at high speeds, With loW jitter, having 
linear measurements in broadband (Wide-ranging frequency) 
applications. 
One of the ?rst separations in phase detectors are that many 

phase detectors must match each edge of one input signal to a 
corresponding edge of the other input signal to monitor if one 
edge is earlier or later than the corresponding edge. These 
devices require that edges alWays be present on both signals 
(eg that clocking signals are used). For the application of 
clock recovery from a data stream or for measuring phase 
errors (e.g. jitter) in a data stream, this type of phase detector 
is not appropriate as data streams do not alWays possess edges 
at all bit positions. With respect to the present invention, only 
phase detectors that provide phase error information from 
data streams are considered relevant. 

Phase detectors for data applications, too, have many vari 
ants depending on various metrics of performance. For 
example, for loW cost and high level-of-integration reasons, 
many phase detectors must be implemented in integrated 
circuit technologies that have only sWitching transistors 
present Which limits linear-type performance. The mo st com 
mon form of phase detector for data applications are variants 
of “bang-bang” phase detectors. These types of phase detec 
tors can easily be implemented using digital sWitching tech 
niques. In this style of detector, it is typical that a data edge is 
compared to an associated clocking edge and a digital bit or 
bits are set to one value if the data edge is in advance of the 
clock edge and the same digital bit or bits are set to another 
value if the data edge is behind the clock edge. By averaging 
a su?icient number of such digital bits or bit values, a more 
smoothly changing phase error estimate can be achieved. This 
type of detector is called a bang-bang detector because it only 
has feedback in tWo (sometimes three) states. That is, ahead 
or behind (sometimes a third state is introduced giving ahead, 
behind and holdino information states). Bang-bang phase 
detectors can be made to look like linear-enough phase error 
measurements only When suitable averaging over many clock 
cells can be afforded. As less and less averaging is employed 
(as Would be required to measure higher ?delity (frequency) 
phase error signals), the response of such a phase detector 
starts to look very chunky (e.g. either one state or the other). 
Hence the name, bang-bang. This behavior is not desirable 
When high-frequency phase error measurements are neces 
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2 
sary as is the case in high-bandWidth clock and data recovery 
systems or phase error (jitter) measuring systems. 

Linear phase detectors at high frequencies also exist. These 
devices also typically involve averaging; hoWever, the aver 
aged values are noW not just a dissimilar number of one bits 
and Zero bits. Instead, partial bits are used by pulse-Width 
modulating the output of the phase detectors. These phase 
detectors output a pulse that has a Width that, When compared 
to a reference Width, not only communicates if the data edge 
is ahead or behind of the clock edge, but also communicates 
hoW far ahead or behind the data edge is With respect to the 
clock edge. A small difference Would indicate a small phase 
error amount and a large difference Would indicate a large 
phase error amount. These devices have the desirable affect of 
outputting a linear phase error signal (e.g. not a bang-bang 
signal) that can be e?iciently accumulated (averaged) over 
only a very short amount of time to provide a linear measure 
of phase error. 

Real-World signals at very high speeds, though, are 
plagued With the inevitable reality of limited rise and fall 
times. It is elementary to shoW that averaging the energy from 
pulse Width modulation such as this becomes non-linear in 
cases of very short pulses, Which can result from such phase 
detectors. In these cases, the pulse Width modulated signal 
may never reach a full logic level before it must transition 
again to indicate a short pulse Width. This “runt” pulse does 
not have all the energy that Would be present in an ideally 
square edge. Averaging such a pulse stream Would, too, not 
create the full voltage level ideally indicated by the pulse 
Width measured by the phase detector only because of the 
non-ideal rise/fall times. This introduces the non-linearity of 
these devices used in this fashion. 

For many systems, such non-linearity is not a problem. 
After all, the response is still monotonic even if it is not linear 
and so feedback systems such as phased-lock loops Will still 
operate properly; hoWever, for those applications that are 
truly relying on linear phase measurement or feedback, these 
types of phase detectors suffer. 

Various techniques have been employed to avoid small 
output pulses for phase detectors used With clocking signals 
(e.g. not data applications). Such techniques often rely on 
dividing the input stream by an integer number (eg 2) in 
frequency using a T-type ?ip ?op and then manipulating the 
use of the measurement in the application to operate about a 
point Where pulses With plenty of pulse Width exist. For 
example, operating a phased-lock loop at 90-degrees or 180 
degrees out of phase so the phase measurements in the in lock 
state are nominally 50% duty cycle signals. This type of 
manipulation is not possible in data applications for phase 
detectors. 
The most direct comparison for the purpose of the state 

of-the-art in linear, high-frequency phase detectors for data 
applications is What is knoW as the “Hogge” phase detector. 
This detector operates at very high frequencies (as Well as loW 
frequencies) and provides proportional phase error informa 
tion (it is not a bang-bang phase detector). HoWever, even this 
detector runs into implementation problems at very, very high 
frequencies because its design depends on operating With 
half-bit WindoWs. Half-bit WindoWs for data rate applications 
of 12.5 Gbit/ sec amounts to 40 psec bit WindoWs. In order to 
make 40 psec pulses that can reach their full l/O voltage 
limits, rise and fall times of less than 15 psec may be required. 
This is very di?icult in today’ s modern high-speed technolo 
gies. Systems that operate by pulse-Width modulating full bit 
WindoWs offer more promise for maintaining good pulse 
Width shape (and therefore linearity of phase error measure 
ment). A full bit WindoW at 12.5 Gbit/ sec amounts to 80 psec 
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so rise/fall times of 30 psec could easily be employed With 
good linear results. This is more practical in today’s inte 
grated circuit and assembly technology. 

Therefore, the current state of the art does not offer a linear, 
ultra-high speed phase detector technology that can be 
employed to make phase error sitter) measurements in data 
applications. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a very high 
speed, high performance linear phase error detector that oper 
ates in data applications to compare a stream of incoming data 
bit edges to an input clock and producing a linear, propor 
tional output signal Which represents the phase error differ 
ence present betWeen the data and clock input streams. 

The present invention utiliZes ?ip ?op circuits and clocks 
them on the rising and falling edges of an incoming clock 
signal to sample the input data signal. The results of the 
sampling are further re-sampled and processed to derive indi 
vidual phase measurement information for rising data edges 
and for falling data edges, relying on the observation that 
rising and falling transitions on the data Waveform are, by 
de?nition, at least an entire bit cell apart. Once this is done, 
the tWo computed components of phase error information can 
be added in an analog fashion that does not compromise 
bandWidth. Improvement for the impact of speed limitations 
from today’s highest-speed integrated circuit processes is 
attained as the result of increasing the minimum pulse Widths 
that must be processed by any digital circuits to extend 
beyond one-half a bit cell. The minimum pulse Width can be 
extended fully to one bit cell Width, Which extends the use 
fulness of such a phase detector to tWice previous frequen 
cies. 

BRIEF DESCRIPTION OF THE DRAWING 

For a further understanding of the objects and advantages 
of the present invention, reference should be had to the fol 
loWing detailed description, taken in conjunction With the 
accompanying draWing, in Which like parts are given like 
reference numerals and Wherein: 

FIG. 1 is a schematic diagram of a traditional linear phase 
detector; 

FIG. 2 is a timing diagram illustrating the signal processing 
and phase-error computation of the linear phase detector 
illustrated in FIG. 1; 

FIG. 3 is a schematic diagram of the phase detector accord 
ing to an exemplary embodiment of the present invention; 

FIG. 4 is a timing diagram illustrating the signal processing 
and phase-error computation of the phase detector illustrated 
in FIG. 3; and 

FIG. 5 is a graph of Phase Error Input versus Measured 
Phase Error Output for high-speed phase detectors shoWing 
the impact of real-World rise/fall time limits on phase mea 
surements in pulse Width modulated signals. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention Will noW be described in greater 
detail With reference to the accompanying draWings, in Which 
an exemplary embodiment of the invention is shoWn. The 
present invention may, hoWever, be embodied in many differ 
ent forms and should not be construed as limited to the 
embodiment set forth herein; rather the embodiment is pro 
vided so that this disclosure Will be thorough and complete 
and Will fully convey the invention to those skilled in the art. 
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4 
To fully understand the logic and bene?ts of the present 

invention, it is best to understand What happens in a tradi 
tional linear phase detector often used in high data rate appli 
cations. FIG. 1 is a schematic diagram of a traditional linear 
phase detector 10. An input data signal 12 has occasional 
edges Which are to be compared to the appropriate corre 
sponding edges of an accompanying clock signal 14 in order 
to compute an output phase error signal 30, proportional to 
the phase difference betWeen the input data signal 12 edges 
and the clock signal 14 edges. 
The input data signal 12 is presented to a ?rst d-type ?ip 

?op 16 that is clocked on the rising edge of the input clock 
signal 14. The input data signal 12 is also provided as a ?rst 
input of a ?rst exclusive-OR (XOR) gate 20 Which Will be 
described more fully beloW. The output 13 of the ?rst d-type 
?ip ?op 16 is provided as a second input of the ?rst XOR gate 
20. The output 13 of the ?rst d-type ?ip ?op 16 is also 
provided as a ?rst input of a second XOR gate 22, as Well as 
the input to a second d-type ?ip ?op 18. The second d-type ?ip 
?op 18 Which is sampled on the falling edge of the clock 
signal 14. The output 13 from the ?rst d-type ?ip ?op and the 
output 19 from the second d-type ?ip ?op 18 are then com 
bined (along With the original data input signal 12) to detect 
When there Were changes in the sampled values in either ?ip 
?op. For example, the output of the ?rst XOR gate 23 Will go 
logic hi When the input data signal 12 is different than the 
output of the ?rst d-type ?ip ?op 13 and the output of the 
second XOR gate 24 Will go logic hi When the output signal of 
the ?rst ?ip ?op 13 is different from the output signal of the 
second ?ip ?op 19. 
The Width of the second XOR gate output 24 Will be explic 

itly controlled by the applied clock signal 14 and Will nomi 
nally be one-half a bit period Wide. The Width of the ?rst XOR 
gate output 23 can vary as the location of edges of the data 
input signal 12 varies. If the input data signal edges start to 
shift, the corresponding output of the ?rst XOR gate 23 Will 
also shift. As shoWn in FIG. 1, the output of the ?rst XOR gate 
23 is provided to a loW pass ?lter, and the ?ltered signal is 
provided to a ?rst (e.g. positive) input of an operational ampli 
?er 26. The output of the second XOR gate 24 is provided to 
a second loW pass ?lter, With the ?ltered signal being provided 
to a second (e.g. negative) input of the operational ampli?er 
26. The output signal 30 of the operational ampli?er 26 rep 
resents the phase error signal, Which is computed by deter 
mining the difference betWeen the averaged or ?ltered output 
signal of the ?rst XOR gate 23 and the second XOR gate 24. 

FIG. 2 is a timing diagram 31 illustrating the signal pro 
cessing and phase error computation of the linear phase 
detector 10 illustrated in FIG. 1. In this ?gure, a single input 
data signal 12, having a pulse of Width T is shoWn. Although 
not strictly necessary, the clock signal 14 is nominally cen 
tered to rise at the middle of the input data signal 12 pulse. 
From this ?gure, it can clearly be seen that the output signal of 
the ?rst d-type ?ip ?op 13 (Q1 value) is the sampled version 
of the input data signal 12 sampled at the rising edge of the 
applied clock signal 14 and that the output signal of the 
second d-type ?ip ?op 19 (Q2 value) is the subsequently 
sampled version of the output of the ?rst d-type ?ip ?op 13 
When sampled on the falling edge of the applied clock signal 
14. In this ?gure, the output of the ?rst XOR gate 23 and the 
output of the second XOR gate 24 are shoWn as the half-bit 
Wide pulses that Would be computed in this case. This ?gure 
also shoWs hoW the pulse Width of the ?rst XOR gate output 
23 can change as the edges of the input data signal 12 changes. 
HoWever, the pulse Widths of the second XOR gate output 24 
do not change and are set by the clock period. 
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A signi?cant drawback associated With the aforemen 
tioned approach is therefore shoWn. The pulses that must be 
computed by the XOR gates result in half-bit (or smaller) 
pulses or signals. Signals With realistic rise and fall times 
Would ?nd it di?icult to reach their full maximum values in 
such short periods Which could either cause the aforemen 
tioned phase detector, or a larger circuit incorporating the 
aforementioned phase detector, not to Work at all or could 
cause the output signal 30 to sum the averaged outputs of the 
?rst XOR gate 23 and the second XOR gate 24 in a Way as to 
compute a phase error signal 30 that is not lineariie. some 
phase errors are computed right While others are ampli?ed or 

attenuated). 
FIG. 3 is a schematic diagram of a phase detector 40 

operating according to the principles of the present invention. 
As shoWn, the phase detector 40 uses tWo additional logic 
gates 54, 56 as Well as inserting delays, via delay elements 45, 
51 into some of the processing paths. HoWever, these are 
considered acceptable trade-offs in order to achieve high 
speed, more linear operation of the phase detector 40. An 
input data signal 42 is provided as a ?rst input to and sampled 
by a ?rst d-type ?ip ?op 46 during the rising edge of a 
corresponding clock signal 44, that is provided to the clock 
input of the ?rst d-type ?ip ?op 46. The sampled input data 
signal 43 is provided as a ?rst input to and is re-sampled by a 
second d-type ?ip ?op 48 on the falling edge of the clock 
signal 44, that is provided to the clock input of the second 
d-type ?ip ?op 48. The sampled input data signal 43 and the 
re-sampled input data signal 49 are then used to generate the 
individual rising edge and falling edge signals 60-63 that are 
?ltered and combined and result in the phase error signal 70 
provided by the phase detector 40 of the present invention. 

The input data signal 42 is provided as a ?rst input to a ?rst 
AND gate 50. The sampled input data signal 43 is provided to 
a delay element 45, for example, a buffer or length of Wiring 
trace, Which provides a delayed version of the sampled input 
data signal 47. The amount of delay provided by the delay 
element 45 may vary depending on implementation; hoWever, 
in the illustrated embodiment, the delay provided by the delay 
element 45 is set at one half a bit period for the highest data 
rate application. For example, at 12.5 Gbit/ sec applications, a 
bit period is 80 psec, so this delay is set to 40 psec. The 
delayed sampled input data signal 47 is provided to the 
inverted second input to the ?rst AND gate 50. In this manner, 
rising edge pulses (e.g. signals) 60, representing the differ 
ence betWeen the input data signal 42 and the clock signal 44 
is provided at the output of the ?rst AND gate 50. 

The input data signal 42 is also provided to the inverted ?rst 
input of a second AND gate 52. The delayed sampled input 
data signal 47 is provided to the second input of the second 
AND gate 52. In this manner, falling edge pulses (e.g. signals) 
61, representing the difference betWeen the input data signal 
42 and the clock signal 44 along the falling edge of the clock 
is provided at the output of the second AND gate 52. As 
shoWn, the rising and falling edge signals 60,61 are indepen 
dently determined. 

The sampled input signal 43 is provided to the inverted ?rst 
input of a third AND gate 53 on the rising edge of the clock 
signal 44. The re-sampled input signal 49 is provided to a 
second delay element 51, Which delays the application of the 
re-sampled input signal 53 by one half a bit period for the 
highest data rate application, eg 40 psec. The delayed re 
sampled input signal 53 is provided to the second input of the 
third AND gate 53. In this manner, falling edge pulses (e.g. 
signals) 62 representing the difference betWeen the 
re-sampled data signal 53 and the clock signal 44 is provided 
by the output of the third AND gate 53. 
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The sampled input data signal 43 is provided to a ?rst input 

of a fourth AND gate 54. The delayed re-sampled data signal 
53 is provided to the inverted second input of the fourth AND 
gate 54. In this manner, rising edge pulses (e.g. signals) 63, 
representing the difference betWeen the sampled input data 
signal 43 and the clock signal 44 is provided at the output of 
the fourth AND gate 53. As shoWn, the rising edge signals 
60,62 and the falling edge signals 61,63 are independently 
determined. 
The delay inserted in the processing paths, and the separate 

and independent computation of rising and falling pulses 
60-63 is critical to this invention’s success. The separate 
computation enables taking advantage of the fact that there 
must be a falling edge betWeen any tWo rising edges. This 
doubles the alloWable time period for processing at the high 
est data rates such that parallel processing can be done. With 
this achieved, the delay can then be used to stretch the pulse 
of any given pulse to the maximum it can Without encroaching 
on time potentially needed for an upcoming next decision. 
The phase detector 40 of the present invention can also be 
used in multi-data rate applications, as the amount of delay 
can either be programmable or could be ?xed based on the 
maximum data rate to be used. Note that if the pulse Width 
stretching su?iciently alloWs operation at the maximum data 
rate, then it Will most certainly also alloW proper operation at 
any loWer data rate Where the data period, T, is even longer. 
Once the several rising and falling edge pulses 60-63 are 

determinedusing the delayed sampled signals 47,53 (to maxi 
miZe the pulse Widths), the change-detections for the ?rst 
d-type ?ip ?op 46 and the change detectors for the second 
d-type ?ip ?op 48 are individually added using analog resis 
tive combiners, shoWn as nodes 64,65. For example, the rising 
edge signal 60 and the falling edge signal 61 are added as 
combiner 64; Whereas, the falling edge signal 62 and the 
rising edge signal 63 are added at combiner 65. Although 
shoWn as nodes, the analog combiner can be implemented, for 
example, using adder circuits. This analog addition is assured 
to be linearly independent of output pulse shape as it is then 
loW-pass ?ltered, via capacitors 66, 67 to create average volt 
ages for both the ?rst and second ?ip ?op change results. 
These average voltage signals 64', 65' are provided to at the 
inputs of an operational ampli?er 68. The difference in these 
average voltages 64', 65' are used to compute the phase error 
signal 70. 

FIG. 4 is a timing diagram illustrating the signal processing 
and phase error computation of the phase detector 40 accord 
ing to the present invention. In this illustration, a single data 
pulse signal 42 is used as an example. The output signal 43 of 
the ?rst d-type ?ip ?op 46 (Q1) and the output signal 49 of the 
second d-type ?ip ?op 48 (Q2) hold the sampled input data 
signal 42 and the re-sampled input data signal 43 on the rising 
and then falling edge of the clock signal 44. The delayed 
sampled input data signal 47 (Q1') is a copy of the sampled 
input data signal 43, delayed by a time amount, tau. In the 
exemplary embodiment, tau is set to any value up to one-half 
a bit period for the highest data rate application being used. 
For example, for 80 psec bit periods present for 12.5 Gbit/ sec 
data rate applications, a delay up to 40 psec can be used. 
Similarly, The delayed re-sampled input data signal 49 (Q2') 
is a copy of the re-sampled input data signal 43 delayed by the 
same time amount, tau. 

It can be appreciated that the ?rst rising edge values 60 
represent the movement of rising data edges While the ?rst 
falling edge values 61 represent the movement of falling data 
edges. The second falling edge value 62 and second rising 
edge values 63 represent ?xed pulse Widths as de?ned by the 
input clock signal 44. Once individually computed using the 
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AND gates 50, 52, 54, 56, the rising and falling edge values 
60-63 are them summed or combined. This summing is done 
using analog voltage summing provided by summing the 
voltage nodes directly. This form of suming is very high 
bandwidth. Other forms of high bandWidth summing can also 
be used. The result of the suming is then loW-pass ?ltered for 
example, by using an RC-type ?lter, and the difference 
betWeen the sums of A+B and C+D is determined using a 
difference ampli?er 68 to compute the phase difference error 
signal 70. 

FIG. 5 is a graph of Phase Error Input versus Measured 
Phase Error Output illustrating the impact of real-World rise/ 
fall time limits on phase measurements in pulse Width modu 
lated signals. This graph shoWs tWo traces that correspond to 
the measured phase error output of a phase detector that 
operates on half-bit WindoWs (eg a Hogge detector) as Well 
as the measured phase error output from the phase detector of 
the present invention that utiliZed full-bit WindoWs. Both 
responses also shoW hoW the curves deviate from a dotted 
line linear extrapolation. It is clear from FIG. 5 that the full-bit 
trace (on top) deviates less from the linear extrapolation than 
the half-bit trace (on bottom). This demonstrates the defect 
present in the half-bit system and the performance improve 
ment of this invention. 

The disclosed phase detector and corresponding method 
overcome the limitations of past linear phase detectors foruse 
in high-speed applications by separately processing rising 
edge information and falling edge information to extend the 
amount of time that either processing needs to be completed 
in. This extended time alloWs the output pulse Widths to be 
signi?cantly longer, therefore extending the frequency range 
that linear phase detection can be accomplished. 

While the foregoing detailed description has described 
several exemplary embodiments of the speci?c method for 
linear phase error detection, it is to be understood that the 
above description is illustrative only and is not limiting of the 
disclosed invention. Particularly other con?gurations are 
Within the scope and sprit of this invention. Thus, the inven 
tion is to be limited only by the claims set forth beloW. 

What is claimed is: 
1. A linear phase error detection method, comprising: 
sampling an input data signal; 
delaying the sampled input data signal; 
generating rising and falling edge change signals corre 

sponding to the difference betWeen the input data signal 
and the delayed sampled input data signal along the 
rising and falling edge of a corresponding sampling 
clock signal; 

re-sampling the input data signal; 
delaying the re-sampled input data signal; 
generating rising and falling edge change signals corre 

sponding to the difference betWeen the sampled input 
data signal and the delayed re-sampled input data signal 
along the rising and falling edge of the corresponding 
sampling clock signal; and 

adding the rising and falling edge change signals respec 
tively corresponding to the delayed sampled input data 
signal and the delayed re-sampled input data signal. 

2. The phase error detection method of claim 1, further 
including combining the signal values resulting from adding 
the rising and falling edge change signals respectively corre 
sponding to the delayed sampled input data signal and the 
delayed re-sampled input data signal. 
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3. The phase error detection method of claim 2, further 

including the step of ?ltering the added rising and falling edge 
change signals before the step of combining the signal values 
resulting from the addition of the rising and falling edge 
signals. 

4. The phase error detection method of claim 1, Wherein the 
input data signal is sampled on a rising edge of a correspond 
ing clock signal. 

5. The phase error detection method of claim 4, Wherein the 
input data signal is re-sampled on a falling edge of the corre 
sponding clock signal. 

6. The phase error detection method of claim 1, Wherein the 
rising and falling edge change signals corresponding to the 
difference betWeen the input data signal and the delayed 
sampled input data signal are independently generated. 

7. The phase error detection method of claim 1, Wherein the 
rising and falling edge change signals corresponding to the 
delayed re-sampled input data signal are independently gen 
erated. 

8. A phase detector, comprising: 
a sampling circuit, operative to sample an input data signal 

in response to a clock signal; 
a delay circuit, coupled to the sampling circuit, operative to 

provide a delayed sampling signal; 
a ?rst change detection circuit operative to generate a rising 

edge phase signal representing the phase difference 
betWeen the input data signal and the delayed sampling 
signal on the rising edge of the clock signal; 

a second change detection circuit operative to generate a 
falling edge phase signal representing the phase differ 
ence betWeen the input data signal and the delayed sam 
pling signal on the falling edge of the clock signal, the 
rising edge phase signal and the falling edge phase signal 
being generated independently of one another; 

a re-sampling circuit operative to sample the previously 
sampled input data signal in response to a falling edge of 
the clock signal; 

a combiner circuit operative sum the rising edge phase 
signal and the falling edge phase signal; and 

an ampli?er operative to generate a phase error signal in 
response to the summed rising edge phase signal and the 
falling edge phase signal. 

9. The phase detector of claim 8, further including a second 
delay circuit operative to generate a delayed re-sampling 
signal; and a third change detection circuit operative to gen 
erate a second falling edge phase signal representing the 
phase difference betWeen the sampled input data signal and 
the delayed re-sampled data signal on the falling edge of the 
clock signal, the second falling edge phase signal generated 
independently of the rising edge signal and the falling edge 
signal. 

1 0. The phase detector of claim 9, further including a fourth 
change detection circuit operative to generate a second rising 
edge signal representing the difference betWeen the sampled 
input data signal and the delayed re-sampled signal on the 
rising edge of the clock signal, the second rising edge signal 
being generated independently of the second falling edge 
signal. 

11. The phase detector of claim 10, further including a 
second combiner circuit operative to combine the second 
rising edge signal and the second falling edge signal, the 
combined signal being provided to a second input of the 
ampli?er. 


